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Abstract
We will analyze the dynamics of ortho and para-hydrogen in a moderator. The energy transferred by neutrons
during moderation tends to turn para into ortho, and the opposite reaction, ortho decaying to para at low temperatures,
is very slow if not accelerated. Thus, there is a chance that ortho-hydrogen represents actually a signiﬁcant fraction
of the total hydrogen. Besides the moderator needs to be recirculating, and the Fluid Dynamics must be modeled, as
radiation heat could accumulate in some spots, and raise the hydrogen temperature. This, in turn, would aﬀect the
moderating ability of the hydrogen, since ortho has a much greater cross section than para.
A Computer Fluid Dynamics (CFD) model has been used to perform the thermohydraulic calculations for a cylin-
drical moderator, and obtain an estimation of the temperatures in it. Using those temperatures, the ortho-para balance
is estimated, taking into account the diﬀerent properties of the two forms, and the neutronic calculations have been
redone, as a ﬁrst iteration of the coupled calculations. A comparison of the results between pure para and a more
realistic H2 moderator is given and its consequences are discusse.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of UCANS.
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1. Introduction
For the coupled ortho-para hydrogen moderator study, it is important to have a good ﬂuid-dynamic problem
resolution ﬁrst, which will allow an estimation, as realistic as possible, of the expected temperature maps, as this
will directly inﬂuence not only the isomers balance, but also neutron moderation. For this task, CFD will be used to
solve Euler equations, plus the turbulence equations, coupled with the MCNPX heat generation input. Even before
introducing the isomer kinetics, analyzing the ﬂuid-dynamics results is of great interest, since a good moderator
should have a temperature has homogeneous as possible, avoiding hot spots which could lead to hydrogen boiling.
This could prove a challenge, as heat is deposited in the ﬂuid, in zones that do not necessarily match the ones where it
has an adequate velocity. Thus, it is an important part of the design to achieve an optimum hydrogen circulation that
keeps the temperature as homogeneous as possible, since preliminary calculations indicate that each mm of cladding
thickness costs around 5% performance. We will analyze the design of the moderator tank, as well as its evolution
as ﬂaws are noticed, and compare the results. Besides, the production of orthohydrogen due to irradiation will be
estimated, albeit with a simple model, and an estimate of its possible eﬀect on neutron performance is given.
Available online at www.sciencedirect.com
 2   i r B.V. Selection and/or p e -review under responsibility of UCANS
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
212   M. Magán et al. /  Physics Procedia  26 ( 2012 )  211 – 218 
2. Two-tubes design
The ﬁrst design of the vessel is a cylindrical moderator (10 cm height and 10 cm radius) with two smaller tubes
in a symmetrical fashion. The tubes are 6cm away from the axis and have both the same diameter (D=4cm) For the
simulation of the ﬁrst geometry, a 3 mm size mesh was used, with no boundary layer, solving the problem near the wall
using wall function. This gives roughly a total of 900k nodes. The properties of liquid hydrogen have been compiled
from a number of sources [1, 2],and specially in this simulation, it¢s viscosity [1] and its thermal conductivity [2] are
of paragon importance. We must point out that both of these properties vary signiﬁcantly in the range of temperatures
considered. (18∼25K). A boundary condition for H2 input has been imposed, for an inlet temperature of 18K, and a
pressure drop of 2kPa. While, intuitively, this may seem very little, we will notice that, due to the very low viscosity of
liquid hydrogen, this is enough to make it ﬂow at rather high velocities. With regards to the heat source of the problem,
this has been calculated using an MCNPX Meshtally, in the full simulation of a rotatory target. The Meshtally has
10x30x8 cells (radial, axial, angular, respectively), for a total of 2400 cells. Perfect isolation is assumed for all the
walls in the moderators. In Figure 1, we observe the speed map of hydrogen. We also notice that the speed distribution
is very poor, with a hydrogen jet coming out the inlet tube and hitting the bottom of the cylinder, without getting most
of the ﬂuid to move at a reasonable speed. Most of the hydrogen volume shows very small velocity, which means that
temperatures will be heavily inhomogeneous. We notice a very signiﬁcant hot spot in the bottom of the cylinder, just
below the outlet tube. Temperatures go up to nearly 23K, matching the almost still zone.
Figure 1: Hydrogen velocity in the original design moderator
Total heat deposited in this simulation is 11,5 kW, which matches well the MCNPX heat tally. Hydrogen ﬂux is
about 0,4 kg/s. While that may seem low, we must take into account that a higher pressure in order to increase ﬂux
will lead to an even stronger jet, without actually solving the problem of large parts of the ﬂuid standing still. These
results are not optimal for neutronic performance nor for minimizing orthohydrogen concentration, so we decided to
try another design that favors a more homogeneous circulation and leaves less still zones.
3. Coaxial entry-exit design
As the next option, a coaxial design, where hydrogen enters through an outer ring-shaped tube, and exits via
center, has been considered to eliminate dead zones by making the entrance surface larger than in the ﬁrst design,
plus allow a greater mass ﬂow rate without increasing the peak velocities. As a ﬁrst approach, we opted for a 4 cm
diameter inner tube, and a 10 cm (matching the cylinder diameter) outer tube. These were separated by a 2 cm wall,
just as in the previous case, a 2kPa pressure drop is ﬁxed, but thanks to the increased area, a much higher ﬂow can
be expected. Aside from this, the same working hypothesis (adiabatic walls, hydrogen properties, etc) are assumed.
However, results show that this design fails at making ﬂuid move in the bottom. We were not even able to reach a
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thermal solution, as the properties equations of the hydrogen start falling out of the range they were calculated for. In
practical terms, this just means that with such a design we can expect hydrogen boiling in the bottom of the cylinder,
which obviously disqualiﬁes this design from being acceptable. As a next step, we made changes in this concept to
make it feasible.
In order the get the ﬂux sweeping the bottom of the cylinder, the cylindrical sheet that separates both tubes was
prolonged, till it is just 3 cm short of the bottom. Furthermore, since this wall has essentially no pressure to withstand,
it has been thinned down to 1 mm, in order to minimize its neutron impact. This is very important, since the sheet
will be interfering with the neutron ﬁeld. We must point out, however, that the actual impact of this sheet is yet to be
determined, but, based on the impact that the existing outer vessel has, 5% per mm thickness is a ﬁrst estimate.
Figure 2: Velocity of hydrogen in the coaxial design
This design indeed achieves an acceptable ﬂuid velocity at the bottom of the cylinder, excepting its center, where
the radial symmetry imposes null velocity, and the corner of the cylinder,. There is also a low speed section in the
walls of the outlet cylinder, but that is far less important, as the heat deposition in that area is a lot lower than in
the bottom. Turbulent kinetic energy is located primarily in that area, as well, caused by the massive boundary layer
detachment. While this design is not perfect, it is adequate enough to achieve a temperature distribution that is far
more homogeneous than in the previous case, as illustrated in Figure 3. Temperature increase is below 2K, and there
is nothing similar to the hot spot we observed before. In this design, the hydrogen mass ﬂow rate is 2,7kg/s, far higher
than in the ﬁrst case, which is another advantage over the two-tubes design, specially since the peak velocity does not
increase against the ﬁrst case. The hottest zones are the center of the cylinder, where the moderator comes out, and
the bottom, where the heat is most densely deposited. In any case, the peaks are nowhere near as sharp or high as they
were in the ﬁrst example.
Since we are reasonably satisﬁed with this design, we proceed to calculate the ortho and parahydrogen distribution
in the moderator.
4. Modelling the conversion and integrating in CFD
There has been a number of studies regarding the eﬀects of radiation in hydrogen [3] [4] but there is not a clear
conclusion nor a model for the transformation, as the results are inconclusive at best. While research from Ooi et al
214   M. Magán et al. /  Physics Procedia  26 ( 2012 )  211 – 218 
shows no eﬀect of the radiation ﬁeld on the para to ortho conversion [5], there is almost a two order of magnitude
diﬀerence between the power of the Manuel Lujan neutron Scattering center and the projected ESS-Lund. Besides,
the moderator used in the Manuel Lujan center started at 25% orthohydrogen, while ESS-Lund is intended to have
0.2%, so the results are not necessarily extrapolable. The mechanisms that could lead to a conversion are believed to
be radiolysis of the H2 molecule with the subsequent collision of the separated H+ with another molecule, interaction
with neutrons, protons, although the last one is irrelevant in our case, as the proton ﬂux is negligible in the moderator.
The rate at which they may aﬀect the transition, is, however, an incognit. We assumed that the transition will be
correlated to the energy absorbed, and that the natural conversion due to temperature changes is irrelevant, as the ﬂuid
will only stay in the vessel for a few seconds, while natural conversion takes several days. Thus, our approach will be
a simple, and ﬂexible one, based on the available information MCNPX can give us. Since the para-ortho conversion
has a heat reaction of around 670 KJ/kg, which will be taken from the incident particles. If we assume that a fraction
of the energy deposited by photons and neutrons ends up powering the down-conversion, we can have an inmediate
spatially distributed source of ortho hydrogen, which we can then use to calculate a state distribution. We have ini-
tially guessed 0.1 as the fraction of energy that goes into the state change (α), both for neutrons and photons. While
this is somewhat arbitrary, it will serve to establish a correlation between the energy transferred to the conversion and
the volumetric distribution of the two states. In order to gain more information about how the distribution changes
as said fraction increases, we will also perform a simulation with α = 0.2, and analyze the diﬀerences between both
simulations. In order to integrate this change into the CFD calculations, we have deﬁned two diﬀerent phases, ortho
and parahydrogen. These phases have independently deﬁned properties. There is no distinction in viscosity between
the states, since the speciﬁc heat is a lot diﬀerent for ortho and para up to 15K, but in our range of temperatures it
happens to be almost identical, while density varies slightly [1].
Figure 3: Temperatures and ortho hydrogen fraction in a simulation assuming 10% conversion eﬃciency
The results of the ortho concentration heavily resemble the temperature results. This is not surprising, considering
that heat deposition and conversion follow the same pattern. The results show a maximum ortho fraction of about
4.5E − 03, which is a small, but not insigniﬁcant, increase over the 2E − 03 inlet. The most important ortho concen-
tration is, just as the temperature peaks, located in the axis and the bottom of the cilinder.
To get further insight of how the ortho accumulation works, and since we have set the eﬃciency of the conversion
under radiation quite arbitrary for now, we performed this simulation with a α = 0.2, and compared the results with
the previous ones. The immediate conclusion is that the dependency on this eﬃciency is linear: comparing Figures
3 and 4, we can see that the scale changes (with an increase in ortho concentration that is almost twice the former
amount) but the proﬁle remains virtually unchanged. This means that we can assume a linear dependence of the ortho
concentration on the eﬃciency of the conversion, as is logical, and no dependency for the density and temperatures.
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Figure 4: Ortho hydrogen fraction in a simulation assuming 20% conversion eﬃciency
Studying how these small changes alter the neutronic performance is the next step in our study, but, unlike im-
porting MCNPX results to a CFD cpde, the opposite process is not quite as straightforward. We decided to implement
a cylindrical mesh in the moderator, average the results, (density and ortho fraction) and feed them to MCNPX. This
(of course) requires scripts that generate the cells and surfaces with the correct dimensions, read the CFD results and
translate them as diﬀerent materials in MCNPX, all that in an automated fashion. Due to MCNPX limitation with
the numbers available for cells and surfaces, we are limited to a 10x10 mesh, but that is more than enough for our
purposes. We could also use the temperatures and feed them to MCNPX with very little added work, but there is little
point in doing so, since we do not have adequate scattering kernels.
Once we implement the scripts and functions to generate an MCNPX case based on the calculated ﬂuid properties,
we get a meshing like what is shown in Figure 5. Notice that the colors shown are MCNPX’s rather random assign-
ments, and in now way reﬂect the properties of the materials inside the cells. The increase in complexity of the model
does not signiﬁcantly increase the calculations time, although it certainly increases the complexity of the code used to
generate the input.
We procceeded to perform 4 simulations with 10.000 particles to get a ﬁrst estimate of the brightness depending
on the eﬃciency of the conversion: 10%, 20% and 30%, plus another simulation with pure para H2. The results are
summed up in Table 1
Energy Interval pure para H2 10% conv. eﬃciency 20% conv. eﬀ. 30% conv. eﬀ.
< 1meV 8.25E-9 8.15E-9 8.0E-9 7.98E-9
1 ∼ 5meV 1.05E-7 1.04E-7 1.04E-7 1.03E-7
5 ∼ 25meV 3.25E-7 3.14E-7 3.14E-7 3.14E-7
25 ∼ 200meV 6.03E-7 5.88E-7 5.86E-7 5.83E-7
> 200meV 9.7E-7 9.57E-7 9.6E-7 9.65E-7
Table 1: Neutron yield
The results show that the changes are minimal, and only somewhat relevant in the ultra-cold (less than 1 mev)
neutron ﬂux. This is likely to be purely statistical error, and thus, not signiﬁcant. In order to gain further insight of
the process, we decided to reverse the ﬂux: This means hydrogen will ﬂow from the center of the cylinder and exit by
the outter part. The result is that the higher ortho concentration is located at the border of the cylinder. Notice that, in
this case, the outlet is much more mixed, softening the concentration and temperature peaks. We have also lowered
the pressure drop, in order to have a more signiﬁcant concentration in the outer rim. Figure 6 shows this behavior.
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Figure 5: View of the meshed moderator in an MCNPX plot
A simulation using those concentrations has been performed, and the results are summed up in Table 2, and a
comparison to the former case of the same conversion, and the no conversion case is included for reference. We
have checked the diﬀerence compared to the statistical error against the pure para case, and conclude that there is a
marginal, but somewhat signiﬁcant decrease in the thermal and hot neutron ﬂux.
Energy Interval pure para H2 10% conv eﬀ. 10%, reverse ﬂux % diﬀ % stat. error
< 1meV 8.25E-9 8.15E-9 8.04E-9 2.61 1.9
1 ∼ 5meV 1.05E-7 1.04E-7 1.03E-7 0.96 0.78
5 ∼ 25meV 3.25E-7 3.14E-7 3.12E-7 4.16 0.91
25 ∼ 200meV 6.03E-7 5.88E-7 5.82E-7 3.61 0.89
> 200meV 9.7E-7 9.57E-7 9.63E-7 0.72 0.72
Table 2: Neutron yield for reverse ﬂux
5. Eﬀect on the pulse shape
The next step in our analysis is performing a simulation where we calculate not just the integrated brightness, but
the pulse shape over 1 ms. To perform such a simulation, we need to make a much higher number of stories (100
million), and use importance windows in order to reduce the variance, and so the computing time is much higher.
Thus, we have only performed the calculation for 10 % conversion.
The results, in Figures 7 and 8 show clearly that there is not a signiﬁcant eﬀect in the pulse shape for 5 and 10
meV neutrons. For 1 meV, there is some apparent discrepancy, but the ﬂux is much lower in that energy, and thus, the
statistical error is much higher. All in all, the diﬀerence is not signiﬁcant. Kai, Watanabe and others [6] performed
simulations and did ﬁnd an important change of the pulse when changing the ortho fraction. However, they were
considering concentration in the order of 10%, so, for a 0.2∼0.5% concentration, not having any signiﬁcant change is
not inconsistent with their results.
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Figure 8: Compared Pulse shape for 5 meV neutrons
6. Heat deposition in the Al casing: A quick calculation to assess its importance
While we have already estimated the heat deposition in the liquid H2, an issue that we have yet not taken into
account is the heat deposition in the Aluminum casing that contains it. While this deposition does not cause radiation
induced conversion, it may be signiﬁcant with regards to the ﬂuid dynamics.
There are two sources of heat deposition in the casing. One is due to the radiation emitted target, and all neutrons,
protons and photons must be accounted for. The other one is infrared radiation due to the surrounding material, that,
in cryogenic materials, is not balanced out by a similar heat output. As for the ﬁrst, we have performed some quick
calculations, which indicate that heat deposition in the casing is as following:
• 0,29 Mev/particle from protons.
• 0,1 Mev/particle from neutrons.
• 0,69 Mev/particle from photons.
This ammounts to 1,08 Mev/particle, which, with a current of 2mA, equals 2,16 kW. While this is signiﬁcantly
less than the 11 kW deposited in the moderator, it is a signiﬁcant heat source which will be taken into account in
future calculations.
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With regards to the infrared heat, we can make a quick worst-case estimation by assuming the case is surrounded
by a black body at 300K. Using the Steﬀan-Boltzmann equation, the case will recieve a heat of Q = σ ∗ T 4 =
5.67E − 8 ∗ 3004 = 459, 27W/m2. Since the moderator is a cylinder of radius and heigth of roughly 10 cm, its surface
is ≈ 0.01 ∗ 4 ∗ π. This means the total infrared heat would be in the order of 50W, which is not signiﬁcant in our
analysis. Besides, using a radiation shield could drop the relevant temperature below 300K, and the emmisitivity of
the aluminum can be reduced by methods such as polishing, further reducing the heat recieved. Therefore, the infrared
heat will not be signiﬁcant in our analysis.
7. Future steps and conclusions
• The tools to couple the relevant ﬂuid-dynamics and neutronic models to take into account the eﬀects of para to
ortho conversion, and the changes in density and temperature due to heating deposition have been developed,
although only the density is taken into account, since we lack temperature-dependant scattering kernels. This
model is based, for now, in an estimated conversion eﬃciency.
• As a conclusion of the ﬂuid-dynamics simulation, a coaxial design with the input in the axis and the output in
the borders oﬀers great thermal and ﬂuid dynamics performance, minimizing the temperatures peaks, and thus
the risks of hydrogen boiling.
• For the conditions assumed, the changes in density and ortho fraction do not signiﬁcantly aﬀect the integrated
brightness at any energy. The shape of the pulse has not been aﬀected in any signiﬁcant way, either.
• Heat deposition in the Al walls will be a very signiﬁcant source of heating, and we will need to recalculate the
ﬂuid dynamics taking it into account.
• We are also prepared to calculate the eﬀects of the temperature-based diﬀerences in cross-sections, and are
looking forward to calculate them as soon as we have scatter kernels available.
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